ABSTRACT High-frequency combined sky-wave and surface-wave monostatic radar (CSSM-HF RADAR) is a new type of radar system inspired by the skywave components of high-frequency surface-wave radar (HFSWR). The new type of radar uses the combined propagation paths of skywave and ground wave to detect targets, including four paths without considering ionospheric stratification. The related research of the CSSM-HF RADAR is relatively rare, and this paper carries out a detailed simulation analysis of its coverage area. Coverage area analysis is significant for subsequent work, such as target detection, frequency selection, and echo propagation path matching. In this paper, the signal-to-noise ratio (SNR) in the atmospheric background is derived at first, and then the parameters that change with propagation paths are analyzed. Finally, the coverage area of each propagation mode is calculated by setting the minimum detectable SNR. The simulation results show that the coverage areas of the four propagation paths at low frequency have overlapping regions. As the operating frequency increases, the coverage area of each propagation mode gradually separates, and some areas that cannot be covered may appear, however, the whole coverage area of the CSSM-HF RADAR increases.
I. INTRODUCTION
The coverage area of traditional High Frequency (HF) ground wave radar and sky wave radar cannot meet the current demand. The HF ground wave radar cannot detect targets beyond 400 nautical mile (nmi), and the HF sky wave radar has close-range blind areas. In order to expand the coverage area of HF radar, reference [1] , [2] proposed the High Frequency Hybrid Sky-Surface Wave Radar (HFSSWR) that uses skywave transmitting path and ground wave receiving path to detect targets. HFSSWR is a bi-static radar that places the skywave transmitter inland with good concealment and distributes multiple ground wave receivers on the coast or on board. Then, the coverage area of the radar can be effectively extended through a joint network of one transmitter and several receivers. However, the coverage area of HFSSWR is limited by the skywave transmitter, and the radar system is relatively expensive.
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. This paper propose a new type of radar that uses the combined propagation paths of ground wave and skywave to detect target -High Frequency Combined Sky-wave and Surface-wave Monostatic Radar (CSSM-HF RADAR). This new radar system adopts a single-base mode, i.e. its transmitting antenna is at the same location as the receiving antenna, which is different from the bi-static HFSSWR. Without considering ionospheric stratification, there are four propagation paths in CSSM-HF RADAR -ground wave transmitting path and ground wave receiving path (1-GG), ground wave transmitting path and skywave receiving path (2-GS), skywave transmitting path and ground wave receiving path (3-SG), skywave transmitting path and skywave receiving path (4-SS) [3] , as shown in Fig.1 . Because the skywave can propagate farther than ground wave, the new radar system can use path 1-GG to detect targets within 400 nmi, and use path 2-GS, 3-SG and 4-SS to detect father targets. Compared with the traditional HF radar, CSSM-HF RADAR can effectively extend the detection range of HF Surface Wave Radar, and compensate for the close-range dead zone of HF Skywave Radar. In addition, the radar system is more flexible and cheaper than HFSSWR.
At present, there are few researches on CSSM-HF RADAR. Reference [3] discussed the multiple propagation paths in HF Surface Wave Radar, which provides idea for the new type of radar system, using the combined propagation paths of ground wave and skywave to detect target. Reference [4] simply analyzed the attenuation of each propagation paths in CSSM-HF RADAR and designed a signal suitable for the new radar system. In addition, reference [4] processed the actual data collected in Weihai, China, which initially verified the feasibility of the new radar system and the designed signal. Although reference [4] has roughly analyzed the approximate detection range of each propagation path by simply calculating the path attenuation, the new radar system still needs to analyze the coverage area in detail, which is meaningful for subsequent work, such as frequency selection and echo propagation path matching etc.
In this paper, the method of reference [5] is used to analyze the coverage area of CSSM-HF RADAR -setting the minimum detectable SNR value to calculate the surveillance area of the radar system. There are multiple propagation paths in CSSM-HF RADAR, so it is necessary to analyze the SNR formulas of each propagation path separately. For different propagation paths, parameters of the SNR formula such as antenna gain, path length and path attenuation will be different. The antenna gain is related to the elevation angle and azimuth angle of the path. The path length needs to be calculated according to the model of each propagation path. In addition, some propagation paths may pass through ionosphere, and the path length in ionosphere is calculated by ray tracing algorithm [6] in this paper. Regarding path attenuation, we analyze the attenuation of ground wave and skywave firstly, and then calculate the path attenuation according to the propagation path model. In this paper, the ground wave attenuation is calculated by the GRWAVE program proposed by Rotheram S [7] , [8] . The skywave attenuation is composed of free-space attenuation and ionospheric absorption. The free-space attenuation is calculated according to method in chapter 7.5.2 of reference [9] . The ionospheric absorption is calculated by integrating the imaginary component of the refractive index along the ray path [10] . By analyzing the SNR of each propagation path, the coverage area of CSSM-HF RADAR can be obtained.
In Section II, we first introduce CSSM-HF RADAR system. Then, the SNR formula is deduced, and the parameters of the SNR formula are analyzed, especially the parameters such as path length and path attenuation etc. that will change with the propagation paths in Section III. Finally, the coverage area of the new radar system is calculated by setting the minimum detectable SNR in Section IV. Simulation results show that in the lower frequency band, the new radar system can illuminate the 0-800km area, but there are some overlapping areas. As the frequency increases, the coverage area of each propagation path shrinks, and the detection blind zone may appear. Considering four propagation paths together, the coverage area of CSSM-HF RADAR increases when frequency increase.
II. CSSM-HF RADAR SYSTEM INTRODUCTION
CSSM-HF RADAR is a monostatic radar, and uses pulse signal to detect target. Reference [4] and [11] have studied the signal suitable for this new radar system. The radar adopts one-dimensional line array, and its antenna patterns at 5MHz are shown in Fig. 2 . There are four different propagation paths in CSSM-HF RADAR without considering the ionospheric stratification, as shown in Fig. 1 . For convenience, we assume that the propagation routs of paths 2-GS and 3-SG are the same in this paper. Each propagation path is composed of ground wave and skywave. If the ground wave path length is L, and the sky wave path length is R p , the transmitting and receiving path length of each propagation path are shown in Table 1 .
III. SNR ANALYSIS
According to the radar equation of single-based radar [9] , the receiving power P r of CSSM-HF RADAR is expressed as:
where, P t is the transmitting power, G t is the transmitting antenna gain, G r is the receiving antenna gain, L t is the transmitting path attenuation, L r is the receiving path attenuation, L s is the system loss, λ is the wave length, σ is the Radar Cross-Section (RCS) of the target, T is the transmitting path length and R is the receiving path length. This paper considers the SNR in atmospheric background. Atmospheric noise is the most important component of the radar's environmental noise. Atmospheric noise varies with time, location, and frequency. Although the atmospheric noise itself is not Gaussian, its bandwidth is much larger than the bandwidth of the radar system. Therefore, after passing through the radar system, the atmospheric noise can be approximated as a Gaussian distribution. According to radio noise recommendation of the international telecommunication union (ITU) [9] , the power spectral density P n (f ) of atmospheric noise is:
where, P n (f ) is the atmospheric noise, T a is the integration time. k = 1.38 × 10 −23 J /K is the Boltzmann constant, T 0 = 290K is the absolute temperature, f 0 is the operating frequency, F a is the atmospheric noise factor. In summary, the SNR of the new radar system is:
As shown in equation (3), the expression of SNR can be regarded as two terms. The first term is fixed for different propagation paths, denoted as C, and the second item varies with different propagation paths. Next, we briefly analyze the parameters of the second item.
A. THE RADAR CROSS-SECTION (RCS) OF THE TARGET σ
For a sphere with good electrical conductivity and isotropic, its RCS is the same at different angles, but for practical complex objects, the RCS varies with the angle of illumination. For the sake of analysis, this paper assumes that the target is a sphere with good conductivity and isotropic, and its RCS of different propagation paths remain the same.
B. THE TRANSMITTING/RECEIVING ANTENNA GAIN G t /G r
For different propagation paths, the change in antenna gain is due to the difference in elevation angle. The antenna pattern of the vertical direction is shown in Fig. 2 (a) . In this paper, we assume that the electromagnetic waves propagate along the sea surface when the elevation angle is 0-5 • , and the electromagnetic waves propagate through the ionosphere when the elevation angles is greater than 5 • . The antenna gain of the ground wave path is the maximum value of the antenna gain, denoted as G 0 , and the antenna gain of the skywave path is the value at the corresponding elevation angle φ, denoted as G (φ).
C. THE LENGTH OF TRANSMITTING/RECEIVING PATH T/R
The length of the transmitting/receiving path T /R of each propagation path is shown in Table 1 . Where, ground wave path length L is equal to the target's distance. The calculation of the skywave path length R p is complicated and related to the ionospheric state. The simpler method is to use the geometric relationship to calculate the path length without considering the structure of ionosphere. A more rigorous approach is to use the ionospheric model and ray tracing techniques for calculations.
Ray tracing is an effective technique to simulate the propagation of electromagnetic waves in the ionosphere. R. Michael Jones and Judith J. Stephenson proposed detail three-dimensional ray tracing computer program for radio waves in the ionosphere in reference [6] . However, the computer program has not been obtained, and has heavy computing consumption. Therefore, this paper uses the fast threedimensional ray tracing method proposed in reference [12] . The method uses the geometric relationship to calculate the route in free space, and uses ray tracing technique to calculate the route in the ionosphere. In this paper, we adopt International reference ionosphere (IRI) model -IRI2007. The route in free space uses three-dimensional geometric relationship to calculate (see reference [12] for details).
The process of ray tracing technique is as follows. In the spherical polar coordinate, the ray equation with the group path length P as the variable can be described as:
where, H is the Hamiltonian, c is the speed of electromagnetic waves in free space, ω is the angular wave frequency, (r, θ, ϕ) is coordinates of a pint in spherical polar coordinates, k r , k θ , k ϕ is the components of the propagation vector in the (r, θ, ϕ) directions. Here, we choose the Appleton-Hartree formula (no field and no collisions). The square of the complex phase refractive index is given by:
Then, according to the derivation in reference [6] , the ray equation can be expressed as:
where, f is the wave frequency, f N = Ne/ 4π 2 ε 0 m is the plasma frequency, m is the mass of electron, ε 0 the electric permittivity of free space, N e is the electron concentration of the ionosphere that can be obtain from IRI2007 model. Fig. 3 shows the relationship between the elevation angle and the ionospheric height at which the electromagnetic wave be reflected of 5 MHz, 7MHz and 9MHz. It can be seen that the reflection of different layers occurs. According to the conventional ionosphere division, 90-140km is E layer and greater than 140km is F layer. For 7MHz and 9MHz, there are some value equal to 1000km (the maximum height of the ionospheric model), which indicates that the ray penetrates the ionosphere. Fig.4 shows the variation of the group path length (skywave path length) with the elevation angle. Here, in order to better show the results, we plot the group path length of the E and F layers separately.
D. THE ATTENUATION OF TRANSMITTING/RECEIVING PATH L t / L r
As can be seen from Table 1 , the four propagation paths in CSSM-HF RADAR are composed of skywave and ground wave. Therefore, the attenuation of the transmitting/receiving path L t / L r can be obtained by calculating the corresponding ground wave path attenuation L ground and skywave path attenuation L sky .
1) GROUND WAVE PATH ATTENUATION L ground
Ground wave is the main propagation path in HF Surface Wave Radar. Its path attenuation Lr g is mainly caused by the 91430 VOLUME 7, 2019 FIGURE 5. The filed strength along the path at 5MHz, 7MHz, 9MHz.
rough sea surface and can be calculated by the GRWAVE program proposed by Rotheram S [7] , [8] . Here, target's height is set to zero, antenna is erected in Weihai and the operating frequencies are 5MHz, 7MHz, 9MHz. The filed strength along the path at different frequencies are shown in Fig. 5 . It can be seen that the path attenuation of the ground wave increases rapidly with distance and increases with frequency.
2) SKYWAVE PATH ATTENUATION L sky
Skywave is the main propagation path in HF Skywave Radar, reflected by ionosphere and propagating to thousands of kilometers. The skywave path attenuation consists of free space attenuation A R and ionospheric absorption A ie .
Free space attenuation is determined by path length, and can be expressed as [9] :
where R p is the group path (the signal transit time multiplied by light speed c).
Ionospheric absorption A ie is dependent on the electron density and collision frequency with neutral particles and ions along the signal's propagation path. There are already many studies on ionospheric absorption. George and Bradley develop a model for absorption of oblique paths based on measurements of absorption at vertical incidence and a method of translating these absorption measurements to oblique paths [13] . Pederick and Cervera developed a more accurate and flexible model by incorporating atmospheric model NRLMSISE-00 and ionospheric model IRI [14] . This method employed full three-dimensional numerical ray tracing and so is able to model absorption on both the O and X polarization modes. When using this method, the complex refractive index n needs to be calculated. There are two formulations for refractive index, Appleton-Hartree formulation that is more consistent with the theory in the F region of the ionosphere and Sen Wyller ray trace formulation that is more suitable for D and E regions of the ionosphere. Zawdie et al. futher proposed on the basis of reference [14] that either two formulations can be used to calculate ionospheric absorption if the correct collision frequencies are utilized [15] .
Here, we adopt the method in reference [15] , using ray tracing technique and atmospheric model NRLMSISE-00 to calculate ionospheric absorption. In part B, the ray tracing technique did not take into account the earth's magnetic field and collisions, that is, did not consider the absorption. Reference [14] assume that the absorption has no significant effect on the path taken by the ray and thus can be calculated separately. This reference also shows that ''This assumption is valid for practical purposes; however, Sonnenschein et al. showed theoretically that the ray trajectory may be affected for the case of very large absorptions.''. For convenience, we adopt this assumption and do not consider the earth's magnetic field in this paper (the magneto-ionic effects are mainly the O and X polarization modes, which are not considered in this paper).
According to reference [15] , the total ionospheric absorption (dB) can be calculated by:
where, κ is the imaginary part of k = 2π fn/c and ds is the distance along the path. The square of the complex phase refractive index of Appleton-Hartree formulation no field and with collisions is:
where, v is the electron collision frequency. Reference [15] showed that the Appleton-Hartree formulation may be reliably used in all region of the ionosphere when use the Schunk-Nagy collision frequency, expressed as:
where, v ei is the Electron-Ion collision frequency, and can be calculated by:
where, z i is the charge number of the ion, e is the charge of an elementary charge, m e is the mass of the electron, k B is the Boltzmann constant, T e and T i are the temperature of VOLUME 7, 2019 FIGURE 6. Ionospheric adsorption at 5MHz, 7MHz, 9MHz.
electrons and ions. n i and n e are the densities of the electrons and ions, which can be obtained from ionospheric model IRI (this paper dose not find the latest version of the IRI model, so uses IRI -2007). v en is the Electron-Neutral collision frequency, and can be calculated by:
The constituent collision frequencies are given as:
where, n is the number density per cm 3 of the neutral particles, which can be obtained from atmospheric model NRLMSISE-00. Fig. 6 shows the simulation result of the ionospheric adsorption at 5MHz, 7MHz and 9MHz. It can be seen that the ionospheric adsorption decreases when the frequency increases. According to formula (18), the simulation results of the skywave path attenuation are shown in Fig. 7 .
3) ATTENUATION OF FOUR PTOPAGATION PATHS
The total attenuation can be calculated according to the path length of the ground wave and the skywave corresponding to each propagation paths. For a fixed target distance L 0 , the path attenuation of each mode can be obtained by calculating the respective path length of skywave and ground wave component as shown in Table 1 . When the operating frequency is 5MHz, the relationship between the path attenuation and ground distance of the four propagation paths are shown in Fig. 8 . Here, for the sake of analysis, we assume that the routes of paths 2 and 3 are consistent. As can be seen Fig. 8 , the attenuation of path 2, 3 and 4 varies with distance and is slower than path 1.
IV. COVERAGE AREA ANALYSIS
In Section III, we derive the SNR formula and simulate the parameters in the SNR formula that change with the propagation path. For Path1-GG, the gain of transmitting and receiving antenna is constant, so the SNR is monotonically decreasing with the distance of targets; while for Path 2-GS, 3-SG and 4-SS, the antenna gain is roughly monotonically decreasing with the elevation angle (as shown in Fig. 2 ). In addition, as can be seen from Fig. 4 , the skywave path length varies with the elevation angle. Therefore, the SNR of Mode 2,3 and 4 may be not a monotonic function of the distance of targets, which means that a close-range target may be suppressed by the antenna because its elevation angle is too high. In addition, the one-hop blind zone of high frequency radio waves will also make Mode 2,3,4 unable to detect closerange targets.
This section will give an intuitive simulation of the coverage area of the four propagation modes by considering the horizontal pattern of the antenna and setting the SNR threshold (minimum detectable SNR).
The parameters of the simulation are as follow: Operating frequency f 0 : Fig. 9 . Where the horizontal and vertical coordinates represent the distance in units of km, and the color axis represents SNR in units of dB. The blank area at a long distance is caused by insufficient sampling points. Because the coverage of each propagation mode overlaps, different azimuth ranges are set to distinguish the coverage area of different propagation modes.
In can be seen from Fig. 9 that four propagation modes cover the entire range of about 820km and have partial overlap. The detection range of path1-GG is about 0-420km, of path 2/3-GS/SG is about 50-420km and of path 4-SS is about 100-820km. The SNR of path 1-GG gradually decrease with distance, while the SNR of path 2, 3 and 4 increases first and then decreases with distance. Fig. 10 shows the relationship between the operating frequency and the detection range of each propagation path. It can be seen that as the operating frequency increases, the detection range of path 1, 2 and 3 gradually shrinks. The detection ranges of path 4 varies irregularly with frequency, however, as the frequency increases, path 4 can detect farther. When the operating frequency is about 10MHz, there is a little detection blind zone. Considering four propagation paths together, the coverage area of the new radar system -CSSM-HF RADAR increases as frequency.
V. CONCLUSION
The paper briefly introduced the new HF radar system -CSSM-HF RADAR, which uses a combination path of ground wave and skywave to detect long-distance targets. The new radar system contains four different propagation paths, and the coverage area of each path is different. The coverage area is related to the operating frequency, the transmitting power, antenna pattern and the ionospheric state etc. This paper mainly studies and simulates the coverage area of CSSM-HF RADAR, which are meaningful for the following work, such as: target detection and echo propagation path matching etc. In addition, the influence of operating frequency on the coverage area is also analyzed, which lays a foundation for the frequency selection of the new radar system. Simulation results show that the coverage area of each propagation path has overlaps, and the overlap region will gradually shrink as frequency increase. In addition, the whole coverage area of the new radar system will increase when the operating frequency increase, which implied that the new radar system should work at higher operating frequencies. 
